The electro-optical coefficient r33 and refractive index of films of poly(y-benzyl-L-glutamate) and the p-nitro, p-fluoro and p-trifluoromethyl derivatives were determined as a way to assess the non-linear optical behaviour of these organic polymers. The p-fluoro-7-benzyl and p-trifluoromethyl-~,-benzyl ester polymers are new materials synthesized for this study. The electro-optical coefficient r33 = 5.2 X 10-2 pm V-1 for the unsubstituted polymer, 13.9 x 10 -2 pm V -1 for the p-nitro polymer, 3.0 x 102 pmV -~ for the p-fluoro polymer, and 1.6 x 10-2 pm V-1 for the p-trifluoromethyl polymer. The refractive indices, at a wavelength of 488 nm, of films of the polymer were determined to be 1.60, 1.61, 1.59, and 1.70, respectively, for the unsubstituted polymer and the p-nitro, p-fluoro, and p-trifluoromethyl derivatives. The frequency dependence of the dielectric constant, from 10 kHz to 4 MHz, for each of the polymer films was also determined. The waveguiding and other properties of each of the polymers were assessed in terms of the polymer structure.
INTRODUCTION
this molecule, the or-helical backbone conformation that Non-linear optical behaviour is strongly dependent is acquired by poly(7-benzyl-L-glutamate) in certain upon the magnitude of the molecular orientational environments permits the dipole moments of the peptide units to be summed so that the molecule can be viewed polarization and the opposing counterforce due to thermal randomization of the dipole-containing group, as a large, rigid dipole. The presence of a liquid crystalline Synthetic polypeptides and poly(amino acid)s, consisting structure, under certain conditions, can also function to enhance the non-linear optical properties of such of the appropriate amino acid sequence, can have a polymers. repetitive secondary structure of the backbone such as the 31o or the ~ helix (a 3.613 helix). In this helical
Inorganic compounds, such as lithium niobate, structure, the orientational polarization, once aligned, is potassium dihydrogen phosphate, and ammonium less likely to be easily thermally randomized. The helix dihydrogen phosphate, etc., exhibit non-linear optical is stabilized by intramolecular hydrogen bonds which properties that find application in areas such as optical communication and optical switching devices. result in a rigid rod-like molecule with an enormous
The advantage of the organic polymer systems over dipole moment whose vector is oriented along the backbone of the polymer chain. Wada 1, in a theoretical the inorganic systems is that they can be spin cast into optical quality films directly onto the desired substrate. treatment of the dielectric properties and dipole moment A number of organic polymer systems that exhibit of poly(~,-benzyl-L-glutamate), had implied that it might be possible to enhance further the dipole moment of the non-linear optical properties have been synthesized as helical backbone in this polymer by modification of the potential alternatives to the inorganic compounds 5-7. The disadvantage of the organic polymer systems amino acid monomer, is that the majority of the common organic polymers Studies of the non-linear optical behaviour of solutions of unsubstituted poly(7-benzyl-L-glutamate) had been are amorphous materials, lacking long-range order, reported as far back as 1975 by Levine and Bethea 2'3.
and are typically centrosymmetric. Some investigators, The most recent review of the literature on non-linear in order to compensate for the lack of long-range order in amorphous organic polymers, doped lowoptical studies of poly(7-benzyl-L-glutamate) that we molecular-weight molecules which possessed large, could find was published in 1983 by Williams 4. Of the microscopic non-linear optical properties into isotropic factors that contribute to the non-linear behaviour of amorphous media, such as poly(methyl methacrylate) and polystyrene L4'5. Electrical poling or mechanical orientation of these dopant molecules could arrange them * To whom correspondence should be addressed into some form of long-range order.
Levine and Bethea 2'3 measured the molecular in vacuo for 24 h. The dried film sample was then coated hyperpolarizability /~ and the third-order hyperpolarwith a gold-palladium layer of 1000 A thickness with a izability ~, of poly(7-benzyl-L-glutamate) and assessed the Hummer IV sputtering machine. The capacitance of each non-linear optical behaviour of this polymer in solution, polymer film was measured using a Hewlett-Packard Their measurements utilized a technique for investigating model 4275A multifrequency LCR meter. The frequency the electric field induced second harmonic generation was varied incrementally from 10 kHz to 4 MHz. From (EFISH) properties of molecules in solution 3. The the capacitance measured at each frequency, the dielectric purely electronic, second-orderhyperpolarizabilityflwas constant was obtained from equation (1) . The film reported to be 5 x 10-28 esu ___ 50%.
thickness was adjusted within the range 10-22.4/Lm. Film Many of the studies of non-linear optical behaviour in thickness was measured with a Sloan Dektak liD wafer synthetic polymers involve systems in which the noninspection system. The vertical resolution was 5 A. linear optical unit is resident in the side-chain moiety of Cd the polymer. The present study investigated the nonk=--(1) linear optical properties of poly(7-benzyl-L-glutamate ) eoA (PBLG) and some para-substituted 7-benzyl esters that where C (C V-1) is the measured capacitance, d (m) is the have strong dipole strengths in both the backbone chain thickness of the polymer film, eo is the permittivity and the side chain, constant (8.85 x 10-12C V -1 m-l), A (m 2) is the area In this study we synthesized the known polymers of the electrode, and k is the dielectric constant poly(7-benzyl-L-glutamate) (PBLG) and poly(v-p-nitro-(dimensionless). benzyl-L-glutamate) (PGLU(pNB)), in addition to the The prism-film coupling technique was used to two new polymers poly(v-p-fluorobenzyl-L-glutamate) measure the refractive index and the film thickness. This (PGLU(pFB)) and poly(v-p-trifluoromethylbenzyl-Lmethod uses films on any substrate whose refractive index glutamate) (PGLU(pTFMB)), and investigated their is already known. For the determination of the film non-linear optical behaviour, refractive index, a single rutile (TiO2) prism with a This communication reports the results of our refractive index of 3.06 at 488 nm for light polarized along investigation on films of the four polyglutamates. We the extraordinary axis of the crystal was used. The light have determined the influence of ~-benzyl ester para source was an argon ion laser. substituents on the electro-optical coefficient r33 , the The methodformeasuringthe electro-optical coefficient refractive index, and the dielectric properties of the four was based on the procedure developed by Teng and polyglutamate systems.
Man 1°. The thin film was prepared using either spin coating or normal casting of the solution onto indium-tin EXPERIMENTAL oxide (ITO) coated conducting glass. The film surface was then coated with semi-transparent gold-palladium The protocols for the synthesis of poly(?-p-fluorobenzylor another transparent conductor at a wavelength of L-glutamate) and poly(~,-p-trifluoromethylbenzyl-e-gluta-488 nm (Figure 1 ). mate), as well as the two known polymers poly0,-benzylAfter deposition of a 700-1000 A thick gold-palladium L-glutamate) and poly(y-p-nitrobenzyl-L-glutamate), are coating on the surface of the film, an electric field induced described in a paper that reports the liquid crystalline alignment of the side-chain dipoles in the polymer was properties of these polymers 8.
carried out. The poling conditions for each polymer are The molecular weight of each of the polymers given in Table 1 . was estimated from the intrinsic viscosity using the Mark-Houwink equation with k and ~ values for the unsubstituted polymer as reported by Doty et al. 9 . The ~z use of the k and ~ values of the unsubstituted poly(7-benzyl-L-glutamate) for the para-substituted polymers assumes that these values will not change Gold-Pdlayer x significantlyforthepara-substitutedpolymers. The ~dymer fil~..~ solvent used for the viscosity measurements was dichloroacetic acid.
The thermal properties of the powdered polymers over the temperature range from -40 to 350°C
,f were determined with a Perkin-Elmer model DSC7
Borosilieate
Indium Tin Oxide layer differential scanning calorimeter. The rate of heating was 10-20°C min-1 Figure I Schematic diagram of the polymer film on indium-tin oxide Solutions of each polymer, in an appropriate solvent, glass as used to determine the electro-optical coefficient were filtered through a 0.45 #m pore size microfilter (Whatman Puradisc 25TF). For PBLG and PGLU(pFB) Table I The poling conditions of PBLG and its synthetic analogues tWO different solvent systems were used. These were dimethylformamide (DMF) and cyclohcxanone. For Temperature Maximum polingvoltage = PGLU(pNB) the solvent was 1-methyl-2-pyrrolidinone Polymer (°C) (V#m -1) (NMP), and for PGLU(pTFMB) the solvent was PBLG 130 26 cyclohexanone. Films of the four polymers were prepared PGLU(pFB) 175 100 on indium-tin oxide conducting glass by spin coating PGLU(pNB) 145 6 and were used in the determination of the dielectric PGLU(pTFMB) 135 20 constant. Typical drying conditions involved drying at "The maximum poling voltage was set as the voltage just before room temperature in vacuo for 24 h and then at 100°C dielectric breakdown
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In determining the electro-optical coefficient by Teng r33 -41ZVmlcn 2 (n 2 --2 sin 2 0) sin 2 0 "Film thickness = 3.0 #m; substrate index n a = 1.52; film index nf = 1.59;
where I m is the amplitude of modulation, V m is the reference angle 0=284.7 ° modulating voltage applied to the sample, and I c is half the maximum intensity of modulation. The value 
Electro-optical properties of para-substituted poly(~-
modes and synchronous angles were observed, the streak
benzyl-L-glutamate)s
lines did not appear clearly on the screen and showed The electro-optical coefficients raa of the poled and larger line widths than the p-fluoro and p-nitro polymers, unpoled polymers were determined by using the reflection Film-casting conditions of appropriate solvents and technique in which the polarization rotation of a laser drying conditions were found that retarded polymer beam due to the electro-optical effect is determined. The crystallization in the films and minimized the incident results of these measurements permitted the polymers to light scattering, be classified into two groups (see Figure 3) . One group When used as a waveguide medium, a 3 #m thick film consists of PGLU(pFB) and PGLU(pTFMB) and the of poly(~-p-fluorobenzyl-L-glutamate) (molecular weight other group consists of PBLG and PGLU(pNB). The 45 000) coated on a glass slide (borosilicate, n--1.52 at former group exhibited dielectric constants approaching 488 nm) clearly showed six modes corresponding to six 4.0 until the frequency reached 1 MHz. The latter group, PBLG and PGLU(pNB), exhibited lower dielectric synchronous angles (Table 3 ). The refractive index was determined to be 1.59--, 1.60. constants. The dielectric constant range for PBLG is A similar film of poly(~-p-nitrobenzyl-L-glutamate) 3.42-2.53 for frequencies lower than 1 MHz. The p-nitro (molecular weight 45000) was prepared from a 5-7% polymer PGLU(pNB) does not show any dielectric (w/v) solution of 1-methyl-2-pyrrolidinone (NMP). When relaxation behaviour in the frequency range from 10 kHz films were cast from the solvent 1,1,1,3,3,3-hexafluoro-2-to 4 MHz. Over this frequency range it gives a static propanol, rapid crystal formation occurred during the dielectric constant with a value of 1.41-1.48. These results drying process. The film cast from NMP exhibited five are interpreted as showing that the latter group has a modes corresponding to the variation of the incident faster response time than the former group. Consequently, angle. These data are presented in Table 4 .
the former group, PGLU(pFB) and PGLU(pTFMB), would not be as effective in applications involving 
polymers, such as PBLG and its para-substituted kh/ \~c/ derivatives, the electro-optical coefficient or second where harmonic generation properties are, in large part, 2 dependent on the dipole moment of the polymer ),o = kox/-~-n~ structure. By orienting the side-chain dipole either to 2 reinforce or diminish the backbone dipole, the electro7s = kox//-~ -ns optical behaviour could be modified. Determining the with k o = 2n/2. Here, n¢ and n s are the refractive indices electro-optical coefficients of the para-substituted PBLG of the cladding and substrate layers, N is the effective polymers makes it possible to assess the side-chain refractive index of the guided node, kx, 7~ and 7¢ are the contribution to the total electro-optical coefficient. propagation constants of each layer, m is the mode Differential thermal analysis (Figure 2 ) revealed two number, and Tis the guide thickness, transitions below the melting temperature. At temperatures The value of N=ff(comp) was calculated from equation in the region of 120-160°C, all PBLG analogues show a (4) using an iterative method. The value of N=ff(exp) was transition (Tb) which we interpret as arising from the obtained directly from equation (5). A single rutile (TiO2) intermolecular or intramolecular breakdown of the prism with a refractive index of 3.06 in the transverse benzyl ring stacking. In the present study the temperature electric (TE) mode was used throughout the study. The
Tb was used as the poling temperature to provide some relationship between the value of N~ff(exp) and the degree of rotational freedom in the side-chain functions incident angle tl is and to allow for dipole reorientation. Most of the
Ncff(exp) =np sin[45-sin-1(sin ti/np) ]
(5) polymers show an almost zero output amplitude of the modulating signal before the poling process. However, where np is the refractive index of the prism and t i is the there is a very small value for the electro-optical incident angle ~s. coefficient before the poling process that is attributed to The comparison between the effective refractive index the non-centrosymmetric nature of the stiff main chain. from the characteristic equation (4) and that from For PBLG and PGLU(pNB), the poling field the experimental results using equation (5) exhibits is low relative to that for the fluorine-containing consistency within an error of the order of ___ 0.01. This polymers PGLU(pFB)and PGLU(pTFMB). The polymers small error range is indicative of a greater reliability in PGLU(pFB) and PGLU(pTFMB) have much higher the data obtained by the method used in the present dielectric breakdown strengths than do PBLG and study than by alternative methods.
PGLU(pNB). The role of the poling field is much more Two sample films of PBLG were used in order to important in its effect on the r value than the poling average the measured refractive indices. The polymer temperature. Once the poling temperature is set just provides a weak waveguide mode at each measurement below the melting point of these polyglutamates, the so that an accurate determination of the synchronous alignment of the non-linear groups becomes largely angle is difficult. Despite the difficulties caused by dependent on the poling field. It is possible to estimate scattering losses, the refractive index of PBLG was the dielectric breakdown strength of each polymer from determined to be in the range 1.59-1.60. the poling process. For these polyglutamates we estimate Of the four polymers investigated in this study, that the temperature at which the breakdown of the PGLU(pFB) shows good transparency in the visible dielectric will occur lies in the region of 120 ~ 175°C. This region and some unique optical properties when temperature coincides with the onset of some degree of compared to the other polymers. The difference between rotational freedom of the side-chain moiety in these PGLU(pNB) and PGLU(pFB) is that at 488 nm the polymers. extent of absorption of PGLU(pNB) is slightly higher For the polymers PBLG and PGLU(pNB), the applied than that of PGLU(pFB). Each streak line is narrow and direct current (d.c.) voltages approached the values of sharp, permitting the observation of the synchronous their dielectric breakdown voltages. Available equipment angle at each mode.
did not allow for sufficiently high d.c. poling voltages to be applied to the PGLU(pFB) and PGLU(pTFMB) films.
Electro-optical properties of para-substituted poly(~-
Poled and unpoled samples of the polymers show a
benzyl-L-glutamate)s
significant difference in their electro-optical coefficients. The ~-helical backbone is a non-centrosymmetric
The fluorine-containing polymers PGLU(pFB) and structure that inherently shows electro-optical activity.
PGLU(pTFMB) have values for their electro-optical In contrast to the ~-helical backbone, the side-chain coefficients which are even lower than that of PBLG. functions are normally composed of centrosymmetric Although the polymers PBLG and PGLU(pNB) could structures that show no electro-optical effect. /'' at appr°ximately 150°C" The area under the peak is much larger than that under the first transition peak, and the peak is much broader. We interpret this as indicating that PGLU(pFB) has a larger heat capacity which tul' 2' 5 _' '1~0' .'' ~ contributestomaintainingaconstanttemperatureinthe polymer. The ability to store this heat energy implies that PGLU(pFB) requires a much higher thermal energy very close to the dielectric breakdown voltage, the polymers PGLU(pFB) and PGLU(pTFMB) could not be 1 ....... adequately oriented by the highest voltage that was 9. ~ 4 s e 7 a 9 accessible. Since the known poling efficiency is of the order of 10-20%, only a small fraction of the side chains ln~ could be aligned and it was not possible to remove the Figure 3 Plots of the dielectric constant against In(frequency) for centre of inversion symmetry by the poling process 16.
PBLG and the para-substituted polymers
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under mild poling conditions could not be achieved, electro-optical coefficient for PBLG. This is attributed Although a high poling electric field (20 V mm-1) was to the high electronegativity of the nitro group. If the applied to the film at 150°C, the centre of inversion molecule is oriented so that the vector for the dipole symmetry was still present in the side-chain structure, moment of the side-chain group can be added to the total The infra-red spectrum of PGLU(pTFMB) shows electronic polarization, there is an enhancement of the amide I bands at 1624 and 1656cm -1, indicating the non-linear properties. However, the PBLG side-chain presence of both s-helical and/~ structures 19. It has been vector does not contribute to the total electronic suggested that polypeptides that normally form or-helical polarization to the same degree as the nitro side chain; secondary structures tend to form/~ structures when the therefore, it cannot be additive to the same degree. molecular weight of the polypeptide is sufficiently low 2°.
A plot of the electro-optical coefficient against the The spectrum for PGLU(pTFMB), along with the poling field shows that the slope for PGLU(pNB) in intrinsic viscosity data, indicate that this polymer has a Figure 4 is much higher than that for the other polymers. relatively low molecular weight and this could be
We interpret this as indicating that PGLU(pNB) has the responsible for the presence of a/~-structure component, highest poling efficiency. If the poling does not orient the D.s.c. thermograms revealed that the T~ value for side-chain dipole in the direction of the or-helix dipole, PGLU(pTFMB) was the lowest (26.6°C) of the four the total dipole moment along the a-helix axis would be polymers. Since T~isonly26.6°C, the side-chain functions reduced by the vector sum of the side-chain dipole can undergo extensive relaxation to a random orientation moments. The dipole moment of the ester group in PBLG after the sample is poled and returned to room has a negligible effect on the entire molecular dipole temperature. Consequently, the additivity of the dipole system. However, under the usual poling conditions, the moments of the side-chain groups is broken and the total electro-optical coefficient of PBLG is higher than the molecular dipole moment is not enhanced, coefficients of PGLU(pFB) and PGLU(pTFMB). This The infra-red spectroscopic data indicate that implies that the effect of the ester group in PBLG is much PGLU(pFB) and PGLU(pTFMB) have a longitudinal smaller than the effects of the substituted side-chain side-chain orientation in the solid state. This is a groups in PGLU(pFB)and PGLU(pTFMB). In contrast significant factor that contributes to the low r values for to PGLU(pFB) and PGLU(pTFMB), PBLG also has a these polymers. Because of the random orientation finite value of r prior to the poling process. The and the low Tg values, the side-chain structures in explanation for this is that, despite the small effect on these polymers require higher levels of thermal and the dipole moment of the side-chain dipoles of the ester electrical energy for reorientation of the side chain and group, PBLG still lacks some centrosymmetry owing to its associated dipole than do those in PBLG and the main-chain crystal structure. Consequently, the PGLU(pNB).
transverse orientation of the side chain in PGLU(pNB) If the electro-optical coefficients of PGLU(pFB)and makes it much easier than for any other similar PGLU(pTFMB) are compared, it is apparent that the polymer of this type which has a longitudinal side-chain electro-optical coefficient for PGLU(pFB)is almost twice orientation to reorient the side chain by poling and to as large as the coefficient for PGLU(pTFMB). We enhance the electro-optical effect. attribute this to the difference in the ease of side-chain Another way to compare PBLG and PGLU(pNB) orientation between the two polymers, to the fluorine-containing polymers PGLU(pFB) and Wada 1 has shown that the normal right-hand ~ helix PGLU(pTFMB) is in terms of the electrical insulating of PBLG has a side-chain dipole moment direction that property against high temperatures and high electric is in the opposite direction to the dipole of the fields. This implies that the stability of the molecular ct helix. Because the side chain is oriented longitudinally motion is important for poling efficiency under severe in right-handed polyglutamates, its dipole moment does environmental conditions such as high temperature and not reinforce the helical backbone dipole moment, high electric fields. Compared to the fluorine-containing Since the dipole moment of the side-chain group in polymers, PBLG and PGLU(pNB) have a relatively low PGLU(pTFMB) is greater than that of PGLU(pFB), the dielectric breakdown strength, which was noted during total dipole moment that can contribute to the electrothe poling process. As can be seen in Figure 3 , optical properties of PGLU(pTFMB) can be presumed to be smaller than that of PGLU(pFB). If this assessment is correct, it would result in a smaller electro-optical -~'i,~L~ ...... ] coefficient for PGLU(pTFMB) than for PGLU(pFB).
. shows an r value equal to 9 3.0xl0-2pmV -1, whereas PGLU(pTFMB) has an r value of 1.6x 10-2pmV -1 at 20V/~m -1. Therefore, ~1 these polymers did not show an enhanced electro-optical ~o s effect relative to PBLG under our poling conditions. "~ Of the four polyglutamates, PGLU(pNB) had the a coefficient at 13.87 10 -2 pm V-1 ~ ,.~t:t~ll~-~ -~ s and required a relatively low poling voltage (6 V #m-1). 0 When poled at 26V/~m -1, PBLG was found to 0 " ~ "lb'l~'9.b's~'ab'a~'4b'4~ have an electro-optical coefficient of 5.2 x 10 -2 pm V-1.
Poling Fidd in Vl lma PGLU(pNB), poled at this low voltage, had an electro- Figure 4 Plots of the electro-optical coefficient against the poling field optical coefficient almost three times higher than the for PBLG and the para-substituted polymers
